. Somatostatin de-aminobutyric acid (GABA) (Esclapez and Houser 1995; presses excitatory but not inhibitory neurotransmission in rat CA1 Feldman et al. 1982; Kohler et al. 1987; Kosaka et al. 1988; hippocampus. J. Neurophysiol. 78: 3008-3018, 1997. In rat CA1 Morrison et al. 1982). SST receptors are also discretely hippocampal pyramidal neurons (HPNs), somatostatin (SST) has localized in the hippocampus, with four of the five cloned inhibitory postsynaptic actions, including hyperpolarization of the SST receptors (sst 1-4 ) expressed (sst 5 shows no significant membrane at rest and augmentation of the K / M-current. However, expression anywhere in the brain). In situ hybridization the effects of SST on synaptic transmission in this brain region shows that the mRNAs for sst 1-4 occur primarily in principal have not been well-characterized. Therefore we used intracellular cells of the CA1, CA3, dentate gyrus, and subiculum, with voltage-clamp recordings in rat hippocampal slices to assess the little expression in the stratum oriens, stratum radiatum, or effects of SST on pharmacologically isolated synaptic currents in HPNs. SST depressed both (R,S)-a-amino-3-hydroxy-5-methyl-molecular layers (Breder et al. 1992; Kong et al. 1994; Perez isoxazole-4-propionic acid (AMPA)/kainate and N-methyl-D-et al. 1994; Thoss et al. 1996). An immunocytochemical aspartate (NMDA) receptor-mediated excitatory postsynaptic cur-study using antibodies selective for sst 2 showed that the rents (EPSCs) in a reversible manner, with an apparent IC 50 of 22 receptor protein is expressed largely in the soma as well as nM and a maximal effect at 100 nM. In contrast, SST at concentra-the basal and apical dendrites of CA1 hippocampal pyramitions up to 5 mM had no direct effects on either g-aminobutyric dal neurons (HPNs), with no expression in CA3 (Dournaud acid-A (GABA A ) or GABA B receptor-mediated inhibitory post-et al. 1996). Interestingly, autoradiographic studies using synaptic currents (IPSCs). The depression of EPSCs by SST was iodinated SST ligands show little binding in the principal especially robust during hyperexcited states when polysynaptic cell layers of CA1 and CA3; instead binding is limited to EPSCs were present, suggesting that this peptide could play a the plexiform layers, mostly the stratum oriens of CA1 and compensatory role during seizurelike activity. SST effects were greatly attenuated by the alkylating agent N-ethylmaleimide, thus CA3, the hilus, and the subiculum (Holloway et al. 1996; implicating a transduction mechanism involving the G i /G o family Leroux et al. 1993; Perez et al. 1995) . These studies suggest later found to hyperpolarize these neurons (Pittman and Siggins 1981) . Subsequent studies demonstrated that SST aug-
the effects of SST on synaptic transmission in this brain region shows that the mRNAs for sst [1] [2] [3] [4] occur primarily in principal have not been well-characterized. Therefore we used intracellular cells of the CA1, CA3, dentate gyrus, and subiculum, with voltage-clamp recordings in rat hippocampal slices to assess the little expression in the stratum oriens, stratum radiatum, or effects of SST on pharmacologically isolated synaptic currents in HPNs. SST depressed both (R,S)-a-amino-3-hydroxy-5-methyl-molecular layers (Breder et al. 1992; Kong et al. 1994 ; Perez isoxazole-4-propionic acid (AMPA)/kainate and N-methyl- Thoss et al. 1996 ). An immunocytochemical aspartate (NMDA) receptor-mediated excitatory postsynaptic cur-study using antibodies selective for sst 2 showed that the rents (EPSCs) in a reversible manner, with an apparent IC 50 of 22 receptor protein is expressed largely in the soma as well as nM and a maximal effect at 100 nM. In contrast, SST at concentra-the basal and apical dendrites of CA1 hippocampal pyramitions up to 5 mM had no direct effects on either g-aminobutyric dal neurons (HPNs), with no expression in CA3 (Dournaud acid-A (GABA A ) or GABA B receptor-mediated inhibitory post-et al. 1996) . Interestingly, autoradiographic studies using synaptic currents (IPSCs). The depression of EPSCs by SST was iodinated SST ligands show little binding in the principal especially robust during hyperexcited states when polysynaptic cell layers of CA1 and CA3; instead binding is limited to EPSCs were present, suggesting that this peptide could play a the plexiform layers, mostly the stratum oriens of CA1 and compensatory role during seizurelike activity. SST effects were greatly attenuated by the alkylating agent N-ethylmaleimide, thus CA3, the hilus, and the subiculum (Holloway et al. 1996 ; implicating a transduction mechanism involving the G i /G o family Leroux et al. 1993; Perez et al. 1995) . These studies suggest of G-proteins. Use of 2 M Cs / in the recording electrode blocked that SST receptor mRNAs are mostly exported out of the the postsynaptic modulation of K / currents by SST, but did not soma and into dendritic layers, where they would be more alter the effects of SST on EPSCs, indicating that postsynaptic K / proximate to terminals of SSTergic interneurons.
currents are not involved in this action of SST. However, 2 mM
The majority of studies examining the effects of SST in external Ba 2/ blocked the effect of SST on EPSCs, suggesting that hippocampus have been done in CA1. Much is known about presynaptic K / channels or other presynaptic mechanisms may be postsynaptic effects of SST on HPNs. SST was first reported involved. These findings and previous results from our laboratory to depolarize CA1 HPNs (Dodd and Kelly 1978) but was
show that SST has multiple inhibitory effects in hippocampus.
later found to hyperpolarize these neurons (Pittman and Siggins 1981) . Subsequent studies demonstrated that SST aug-
I N T R O D U C T I O N
ments the voltage-sensitive K / M-current in these cells (Moore et al. 1988 ), an action mediated by an arachidonic Somatostatin (SST) is a peptide widely distributed acid metabolite (Schweitzer et al. 1990 (Schweitzer et al. , 1993 . SST may throughout the periphery and brain. SST was originally char-also augment a voltage-insensitive K / leak current in HPNs acterized as an inhibitor of growth hormone release from (P. Schweitzer and G. R. Siggins, unpublished observathe anterior pituitary (Brazeau et al. 1972) , and SST function tions), a mechanism that would account for much of the as a hormone in the periphery is well-established (Reisine SST hyperpolarizing effect at rest. Although earlier studies 1995). By contrast, the role of SST in the extrahypothalamic on hippocampal slices showed no effect of SST on Ca 2/ brain is less clear. This peptide is abundant in nearly all currents in HPNs (Schweitzer et al. 1993) , recent studies brain regions (Crawley 1985) and is thought to play a neuro-in acutely isolated HPNs showed that SST inhibits an modulatory role (Epelbaum 1986). However, studies exam-N-type Ca 2/ current in these cells (Ishibashi and Akaike ining the specific actions of SST on neurotransmission have 1995). At the cellular level, these postsynaptic actions of been sparse, and determining the endogenous function of SST on ionic currents are inhibitory, in that they decrease the peptide has been hampered by the lack of receptor antag-the probability of the neuron firing an action potential. These onists.
data suggest that SST acts similarly to GABA, with which High expression levels of SST and its receptors are found it is colocalized (Crawley 1990; Kosaka et al. 1988) . in the hippocampus. Extensive SST immunoreactivity is
The actions of SST on CA1 synaptic transmission are found in extrinsic fibers and interneurons of the stratum less clear. Two studies found that SST attenuates inhibitory postsynaptic potentials (IPSPs) in rabbit (Scharfman and oriens, hilus, and subiculum, where it is colocalized with g-The area of the PSC reflects the total charge crossing the membrane Schwartzkroin 1989) and guinea pig (Xie and Sastry 1992) and thus the synaptic strength. Current traces shown for representaHPNs. This reduction of inhibitory input would result in a tive cells were normalized to a common baseline for easier comparnet excitatory effect of SST that contrasts with its direct ison of amplitudes. We usually voltage clamped the neurons postsynaptic inhibitory actions. However, these earlier stud-slightly negative to the resting membrane potentials (RMPs). The ies were done on compound postsynaptic potentials (PSPs), various problems associated with voltage clamping neurons with under conditions where excitatory PSPs (EPSPs) and IPSPs extended processes are addressed elsewhere (Finkel and Redman could shunt each other. Furthermore, only current-clamp re-1985; Halliwell and Adams 1982; Johnston and Brown 1983) ; cordings were performed in these studies, possibly introduc-these problems may be less acute when dealing with relative ing confounding influences caused by SST postsynaptic ef-changes after drug application (Madison et al. 1987 ).
To isolate synaptic components, we superfused specific antagofects on input resistance and membrane potential.
nists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 mM) to We show here, using voltage-clamp recordings on pharblock AMPA/kainate receptors, macologically isolated synaptic components, that SST does acid (APV, 30 mM) to block NMDA receptors, bicuculline (15-not significantly affect inhibitory postsynaptic currents 30 mM) to block GABA A receptors, and/or CGP 55845A (1 mM) (IPSCs) in rat CA1 HPNs. However, SST in low concentra-to block GABA B receptors. At the end of some experiments, we tions robustly attenuates both (R,S)-a-amino-3-hydroxy-5-applied the specific blocker of the isolated synaptic component to methylisoxazole-4-propionic acid (AMPA)/kainate and verify its identity. SST was superfused at 1 mM. N-methyl-D-aspartate (NMDA) excitatory postsynaptic curTo determine whether the inhibition of EPSCs by SST was rents (EPSCs). SST actions appear to be enhanced under mediated by a G-protein, slices were treated with 150 mM NEM conditions of reduced inhibition and increased excitability. for 15-20 min. We prepared NEM daily in dimethylsulfoxide (DMSO); the concentration of DMSO in the bath was 0.03%. No
Thus SST may play a homeostatic role in the hippocampus GABA B antagonists were used in the NEM studies, and NEM and could compensate for increased excitatory neurotranstreatment was terminated when the GABA B -IPSC was eliminated.
mission during pathological states such as epilepsy. A preWe detected no changes in membrane properties using this treatliminary report of some of these results has been published ment paradigm, nor did NEM treatment significantly alter the amin abstract form (Tallent and Siggins 1996) . 
Slice preparation
caused an increase in spontaneous glutamate release (see Fig. 7A ), as reported for GABA release in this preparation (Morishita et al. We prepared hippocampal slices from male Sprague-Dawley 1997). After NEM application, slices were washed with normal rats as described previously (Pittman and Siggins 1981; ACSF for 5 min before continuing the experiment. To determine et al. 1993). Briefly, we cut transverse hippocampal slices 350 mm the efficacy of NEM treatment to inactivate pertussis toxin (PTX) -thick on a brain slicer, incubated them in an interface configuration sensitive G-proteins, we superfused baclofen before and after NEM for Ç30 min, and then completely submerged and continuously treatment and measured its ability to elicit an outward current, superfused the slices with warm (31-33ЊC), gassed (95% O 2 -5%
shown to be a PTX-sensitive process (Andrade et al. 1986 ). In CO 2 ) artificial cerebral spinal fluid (ACSF) at a constant flow rate addition, we also examined the ability of baclofen to inhibit EPSCs of 2-4 ml/min. The ACSF was of the following composition (in before and after NEM treatment. Previous studies have shown that mM): 130 NaCl, 3.5 KCl, 1.25 NaH 2 PO 4 , 1.5 MgSO 4 r7H 2 O, 2.0 GABA B -induced depression of EPSCs (but not IPSCs) is PTX CaCl 2 , 24 NaHCO 3 , and 10 glucose. Other ions and drugs were insensitive (Colmers and Pittman 1989; Dutar and Nicoll 1988 ; added to the ACSF in known concentrations. For studies using Thompson and Gähwiler 1992 Fig. 9 in which 2 M CsCl was determined statistical significance by two-way analysis of variance used; tip resistance 60-90 MV with either solution). The switching (ANOVA) for repeated measures, unless otherwise indicated. Stafrequency was 3-4 kHz; we continuously monitored electrode tistical significance is considered to be P õ 0.05 and is indicated settling time and capacitance neutralization at the headstage on a in the figures by an asterisk. separate oscilloscope (Finkel and Redman 1985) . We acquired selected data with an Axoclamp-2B amplifier (Axon Instruments) and stored them on a PC for data analysis using pClamp software R E S U L T S (Axon Instruments).
EPSCs were evoked by orthodromic stimulation (0.05-ms stimu-SST does not directly modulate GABA A or GABA B lus duration; 0.1-Hz frequency) of Schaeffer collaterals (SCs) with receptor-mediated IPSCs a bipolar tungsten electrode placed in the stratum radiatum with the orientation of the tips parallel to the stratum pyramidale. We
We evoked isolated GABA A -IPSCs in the presence of 30 generated IPSCs by local stimulation with the electrode tips placed mM APV, 20 mM CNQX, and 1 mM CGP 55845A. We on either side of the stratum pyramidale. We obtained input/output recorded GABA A IPSCs from eight neurons at a holding curves using three different stimulus intensities: threshold, halfpotential (V H ) of 077 { 1 (SE) mV. Mean RMP was maximal, and maximal. Two traces were averaged for each stimu-068 { 1 mV, mean input resistance was 65 { 7 MV, and lus intensity. We measured both the amplitude and the area (timeintegral) of the PSCs using Clampfit software (Axon Instruments). mean spike amplitude was 104 { 2 mV for these eight cells.
When tested, these IPSCs were blocked by 15-30 mM bicu-served modest increases in IPSC amplitude (101-113% of control) and area (101-107%). Further statistical compariculline (Fig. 1A) .
Bath application of 1 mM SST caused no significant son showed no significant difference of the GABA A -IPSC increase between control (n Å 3) and SST-exposed (n Å change in the amplitude or area of the GABA A -mediated IPSCs ( Fig. 1) , although we observed a trend toward in-8) neurons (unpaired Student's t-test, P ú 0.05). We also tested 5 mM SST on GABA A -IPSCs, and found no significant creased amplitude (124 { 12% and 125 { 7% of control; Fig. 1 , A and B) and area (114 { 9% and 120 { 6%; Fig. effect on the IPSC, although a trend toward an increase in IPSC area was again seen [n Å 3; F(2,4) Å 2.39; P ú 0.2]. 1, A and C) at both half-maximal and maximal stimulus intensities. This effect was not reversible on wash out of SST GABA B -IPSCs were isolated using 30 mM APV, 20 mM CNQX, and 15-30 mM bicuculline. These IPSCs were nor was it significantly different from control [amplitude F(2,14) Å 0.87; P ú 0.1; area F(2,14) Å 2.68; P ú 0.1]. blocked by 1 mM CGP 55845A ( Fig. 2A) . We studied eight neurons with a mean RMP of 070 { 1 mV, mean input This small potentiation of the GABA A -IPSC could result from a slow drift of the equilibrium potential for Cl 0 ions resistance of 55 { 3 MV, and mean spike amplitude of 110 { 4 mV; mean V H was 073 { 1 mV. Superfusion of 1 during the experiments, due to the use of a KCl-filled recording electrode. We therefore measured GABA A -IPSCs mM SST caused no significant change in the amplitude or area of the mean GABA B -mediated IPSC (Fig. 2 ), as deover time in three cells without adding SST and also obpicted by the representative current traces in Fig. 2A . In the presence of SST, the mean IPSC amplitudes were 103 { 5, 99 { 6, and 97 { 3% of control at threshold (n Å 5), halfmaximal (n Å 8), and maximal (n Å 8) stimulus intensities, respectively [ Fig 
SST depresses AMPA/kainate-EPSCs
We isolated AMPA/kainate-EPSCs by applying 30 mM APV, 1 mM CGP 55845A, and 15-30 mM bicuculline in 26 cells. These cells had a mean RMP of 069 { 1 mV, mean input resistance of 64 { 4 MV, and mean spike amplitude of 107 { 1 mV; mean V H was 078 { 1 mV. SST markedly depressed the AMPA/kainate-EPSCs in 14 of 21 cells. Figure 3A shows a representative cell where 1 mM SST robustly inhibited the AMPA/kainate-EPSCs. SST superfusion significantly reduced the mean amplitude of the EPSC to 78 { 6 (n Å 19), 73 { 5 (n Å 21), and 81 { 5% (n Å 21) of control at threshold, half-maximal, and maximal stimulus intensities, respectively [Fig. 3B; F(1, 20) 20 mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and 1 mM CGP occurred 2-4 min after beginning SST superfusion and was 55845A. A slight increase in the size of the IPSC occurs after 1 mM SST reversible upon wash out. Responses to a second SST applisuperfusion (6 min), an effect not reversible on wash out. Bicuculline cation after a 5-to 10-min wash out were not attenuated, (BMI; 20 mM) completely blocked the evoked IPSC (V H was 078 mV; implying that no desensitization occurred under our reresting membrane potential (RMP) was 065 mV). B: mean data from 8 cording conditions. cells showing peak amplitude of the GABA A -mediated IPSCs before, during, and after superfusion of SST. The small increase in amplitude that
In the presence of bicuculline and CGP 55845A to block occurred during and after SST application was not significantly different inhibitory GABAergic inputs, the slices sometimes became from control (P ú 0.05). C: mean area of the IPSC for the same 8 cells. hyperexcitable, whereby a single stimulation of the SCs A small increase in the area is seen during and after SST application at would evoke AMPA/kainate-EPSCs that appeared polysynhalf-maximal and maximal stimulus intensities, but this increase was not significantly different from control (P ú 0.05).
aptic, even at submaximal stimulus intensities (Fig. 4A) (Madamba et al. 1996) and nucleus accumbens ). This EPSC is a CNQX-, bicuculline-, and CGP 55845A-resistant synaptic component elicited by strong SC stimulation, is voltage dependent in current-and voltageclamp mode, and is totally blocked by superfusion of the specific NMDA receptor antagonist, D-APV (30-60 mM) (Madamba et al. 1996) .
SST reduced the amplitude and area of the NMDA-EPSCs in 9 of 11 cells (Fig. 5 ). For these 11 cells the mean EPSC amplitude was reduced to 84 { 5, 83 { 3, and 81 { 2% of control at threshold, half-maximal, and maximal stimulus intensities [F(1,6 ) Å 14; P õ 0.01], respectively (Fig. 5B) . SST reduction of the EPSC amplitude did not reach statistical significance at the threshold stimulus intensity (P ú 0.05). SST also significantly attenuated the mean NMDA- FIG . 2. SST has no effect on GABA B -IPSCs. A: synaptic currents from a representative cell evoked by local stimulation across stratum pyramidale (maximal stimulus intensity), in the presence of 20 mM CNQX, 30 mM APV, and 30 mM bicuculline (V H was 070 mV; RMP was 067 mV). Superfusion of 1 mM SST (7 min) did not alter the GABA B -IPSC. CGP 55845A (CGP; 1 mM) blocked the evoked response. B: plot of the mean peak amplitudes of the GABA B -IPSC before, during, and after bath application of 1 mM SST at 3 different stimulus intensities: threshold (n Å 5), half-maximal (n Å 8), and maximal (n Å 8). SST did not affect the peak amplitudes of the GABA B -elicited IPSC. C: mean area of the GABA BIPSCs plotted for the same cells. SST (1 mM) had no significant effect (see text for statistics).
they were blocked by superfusion of 20 mM CNQX. These polysynaptic EPSCs probably resulted from activation of recurrent excitatory connections between HPNs normally masked by inhibitory inputs (Christian and Dudek 1988; Crepel et al. 1997; Gereau and Conn 1994; Meier and Dudek 1996) . In five cells that showed a clearly separate first and second EPSC, SST preferentially inhibited the second EPSC (Fig. 4 , B and C; paired t-test, P õ 0.001). At maximal stimulus intensity, SST strongly reduced the amplitude of the second EPSC to 20 { 2% of control, whereas the first 8.4 { 3% of control by SST, whereas the first EPSC area a reversible manner. 50 mM CNQX (6 min) blocks the EPSC (V H was 075 was reduced to only 86 { 8% of control (Fig. 4C ). to be 22 nM (see Fig. 6A legend for details of the doseresponse fitting routine). A more detailed time course of the SST response in a representative cell is shown in Fig. 6B as the percent of the control compound EPSC area over time. SST superfusion leads to a reduction in the EPSC area that peaks 2-3 min after the slice is exposed to SST. There is no attenuation of the SST effect during the 4-min course of the application. The EPSC area returns to Ç85% of control Ç2 min after the onset of the wash out where it persists throughout the rest of the experiment.
Depression of EPSCs by SST is mediated by the G i /G o family of G-protein
We assessed the involvement of G-proteins in SST effects using the alkylating agent NEM. This agent has been shown to inactivate the same family of G-proteins (G i /G o ) as PTX does (Choi and Lovinger 1996; Morishita et al. 1997; Shapiro et al. 1994) . Our attempts to use long-term incubation of PTX to determine G-protein involvement in SST effects were considered unsuccessful because of the inconsistent and incomplete block by PTX of the outward current induced FIG . 4. Polysynaptic EPSCs are highly sensitive to SST. In the presence of GABA receptor antagonists, AMPA/kainate EPSCs sometimes display multiple components, most likely representing polysynaptic EPSCs. In cells where a 1st and 2nd component are clearly distinct, the 2nd component is especially sensitive to SST. A: isolated AMPA/kainate-EPSCs recorded from a representative cell (maximal stimulus), as in Fig. 3 . SST (1 mM, 4 min) preferentially attenuates the 2nd component (V H was 078 mV; RMP was 072 mV). B: mean peak amplitude from 5 neurons where 2 components were clearly separate; data shown are from the maximal stimulus intensity. C: mean area of the 2nd EPSC in the same cells is especially sensitive to SST (n Å 5).
EPSC area in these 11 cells to 67 { 6% at threshold, 70 { 4% at half-maximal, and 73 { 3 % of control at maximal intensities [ Fig. 5C; F(1,6 ) Å 55.7; P õ 0.0001]. The degree of inhibition produced by SST across cells ranged from 0 to 33% for the amplitude and from 0 to 56% for the area. Peak inhibition by SST was rapid in onset, occurring 2-4 min after application began, and reversed upon wash out. We observed no desensitization of this response upon a second SST application after a 5-to 10-min wash out.
SST inhibition of compound EPSCs is dose and time dependent
We examined the dose-response characteristics of the SST effect on compound EPSCs, recorded in the presence of bicuculline and CGP 55845A only (Fig. 6A) . The EPSCs recorded probably contained both NMDA and AMPA/kai- nate components, because when tested they were sensitive CNQX, 30 mM bicuculline, and 1 mM CGP 55845A. A: NMDA-EPSCs to both APV and CNQX (data not shown). We normalized (maximal stimulus) from a representative cell are depressed reversibly by SST (1 mM, 4 min). APV (30 mM, 9 min) blocks the NMDA-EPSC (V H the SST effect at each concentration to the percent of the was 076 mV; RMP was 072 mV). B: SST inhibits the mean peak amplitude effect on EPSC area elicited by 1 mM SST, which inhibited of the NMDA-EPSCs. Data shown are the mean from 11 (half-maximal EPSC area to 27.5 { 11% of control (n Å 5, Fig. 6A ). Up and maximal) or 7 (threshold) neurons. C: mean data from the same cells to two concentrations of SST were tested per cell, with no showing that SST attenuated the NMDA-EPSC area across the range of stimulation intensities. (Fig. 7) . Before NEM, 10 mM baclofen inhibited the AMPA/kainate-EPSC area (elicited by a 70% maximal stimulus) to 14 { 3% of the control EPSC (n Å 5; mean V H , 075 { 2 mV). After NEM, baclofen only reduced the AMPA/kainate-EPSC area to 70 { 7% of control, representing a 66% reduction in the baclofen-induced inhibition (Fig.  7B ). In the same five neurons SST reduced the area of the mean AMPA/kainate-EPSC to 44 { 8% of control before NEM, and to 81 { 7% of control after NEM; thus the response to SST was significantly attenuated by 65% [ Fig.  7B ; F(1,4) Å 27.2; P õ 0.01]. NEM treatment also blocked the SST-induced outward current (34 { 7 pA before NEM, 014 { 4 pA after NEM; P õ 0.05; n Å 5). In four cells, we assessed the degree of potentiation of the AMPA/kainate-EPSC area by the b-adrenergic receptor agonist isoproterenol (10 mM) after NEM treatment. Isoproterenol significantly increased the area of the EPSC to 187 { 3, 148 { 2,
FIG . 6. Inhibition of EPSCs by SST is dose and time dependent.
A: dose-response curve for SST inhibition of compound EPSC area, as percent of maximal SST effect. The data are normalized relative to the maximal effect. For each concentration n Å 4 except for 1 mM where n Å 5. Data for 1 mM are also shown in Fig. 9A . SST concentration is plotted on a log scale; dose-response curve was fitted by software (Origin; Microcal Software) to a logistic curve: y Å (A 1 0 A 2 )/ {1 / (x/x 0 ) p } / A 2 , where A 1 is the initial Y value (6.2%), A 2 is the estimated final (maximum; 103%) Y value, x 0 is the center x value (apparent IC 50 ; 22 nM), and p is the power (1.4). Confidence interval was set at 95%. B: time course of the SST (1 mM) effect. Data from a representative neuron are plotted as percent of control EPSC area vs. time. Time of SST superfusion is shown by the shaded area. RMP in this cell was 064 mV; V H was 076 mV. EPSCs of this cell only recovered to Ç85% of the control EPSC area.
by the GABA B agonist baclofen (used as a G i /G o -linked control) (Andrade et al. 1986 ). Furthermore, control experi- and 163 { 3% of control at 075, 085, and 095 mV, respec-recording electrodes to block the postsynaptic K / currents known to be affected by SST. In these experiments we supertively (Fig. 7A) .
NEM also significantly reduced the ability of baclofen fused only bicuculline (15 mM) in order to ascertain the effectiveness of Cs / in blocking the K / -mediated GABA Band SST to inhibit the pharmacologically isolated NMDAEPSCs (Fig. 8) . Before NEM, baclofen superfusion reduced IPSC. The SST-induced outward current was blocked using Cs / -containing electrodes. The mean SST-induced current the area of the mean NMDA-EPSC to 23 { 3% of control (mean V H , 073 { 2 mV; n Å 5). After NEM, baclofen was 6 { 13 pA (n Å 5), compared with an average current of 38 { 8 pA using a K / electrode (n Å 4). We also tested depressed the mean NMDA-EPSC area only to 75 { 5% of control. Thus baclofen inhibition of the mean NMDA-EPSC four neurons for the presence of the SST-sensitive M-current (Moore et al. 1988; Schweitzer et al. 1990 ). As expected was attenuated by 68%. NEM also reduced the baclofeninduced outward current in these cells from 118 { 16 pA when using Cs / electrodes, the inward current relaxation characteristic of the closing of M-channels was not present to 28 { 6 pA. As for SST effects on NMDA-EPSCs, before NEM treatment 1 mM SST attenuated the NMDA-EPSC to (data not shown), indicating that the postsynaptic effects of SST on K / currents were effectively blocked. 64 { 3% of control. Subsequent to NEM treatment, SST reduced the mean NMDA-EPSC only to 90 { 4% of control Despite the block of postsynaptic K / currents, SST robustly inhibited the EPSCs in five of five cells. Figure 9 [F(1,4) Å 96.6; P õ 0.0001; Fig. 8B ], representing a 72% reduction in SST efficacy. The SST-induced outward current shows the mean inhibition of compound EPSCs by SST for both K / - (Fig. 9A) and Cs / - (Fig. 9B ) containing elecagain was completely blocked by NEM treatment in these neurons: the mean SST-induced current was 42 { 12 pA trodes. There was no significant difference in the SST effect mean EPSCs between Cs / (mean V H , 080 { 2 mV) and before NEM and 02 { 5 pA after NEM. K / (mean V H , 077 { 1 mV) electrodes [F(1,25 (Thompson and Gähwiler 1992) and may also interfere with synaptic transmission by hindering Ca 2/ -mediated processes (Medina et al. 1994) .
Superfusion of slices with 2 mM Ba 2/ made it necessary to decrease the stimulus intensity to normalize the EPSC, because blocking postsynaptic K / currents increased the excitability of the neurons. However, after 3-5 min of Ba 2/ application, a higher stimulus intensity was required (often higher than before Ba 2/ application), probably because of interference by Ba 2/ of glutamate release, as previously reported in CA1 neurons (Medina et al. 1994) . In five of seven cells, we established a more hyperpolarized holding potential after addition of Ba 2/ (mean V H in control, 074 { 1 mV; in Ba 2/ , 077 { 2 mV) to help prevent unclamped dendritic Na / and/or Ba 2/ spikes. In cells that previously responded to SST, addition of 2 mM Ba 2/ greatly attenuated the SST-induced inhibition of EPSCs (Fig. 9C) . Before superfusion of Ba 2/ , SST reduced the EPSC area in seven cells to 41 { 12% of control [F(1,6) Previous studies from our laboratory aimed to assess the decreased by SST (1 mM; 3 min) and baclofen (10 mM; 2.5 min) before NEM treatment. After treatment, both SST (3 min) and baclofen (3 min) postsynaptic actions of SST in HPNs, and these studies reare ineffective in depressing the NMDA-EPSCs. NEM also blocked the vealed that SST augments an M-type K / current through an GABA B IPSC in this cell (V H was 078 mV; RMP was 069 mV). Calibration arachidonic acid pathway (Moore et al. 1988 ; Schweitzer et bar applies to both panels. B: mean data from 5 cells showing that NEM al. 1990, 1993) . SST also enhances a voltage-insensitive treatment greatly attenuates the depression of the NMDA-EPSC area by SST and baclofen. leak K / current in these neurons (P. Schweitzer and G. R. Siggins, unpublished observations). Both of these effects a relative lack of desensitization. In the presence of the GABAergic blockers bicuculline and CGP 55845A, a single contribute to the SST-induced hyperpolarization at resting potential reported for HPNs (Pittman and Siggins 1981 ; stimulation of the SC sometimes evoked AMPA/kainate EPSCs with multiple components. Although these recurrent Schweitzer et al. 1993; Watson and Pittman 1988) . Such hyperpolarizations reduce HPN excitability by moving the polysynaptic EPSCs were thought to be driven by afferent input from CA3 (Traynelis and Dingledine 1988) , more cell away from its threshold for firing. In contrast, other laboratories have reported excitatory actions of SST in CA1 recent results suggest that they result from reciprocal excitatory connections within CA1 that are normally masked by (Dodd and Kelly 1978; Scharfman and Schwartzkroin 1989) . It is possible that depression by SST of inhibitory inhibitory inputs (Crepel et al. 1997; Deuchars and Thomson 1996; Meier and Dudek 1996) . These polysynaptic reinterneurons could lead to excitation of HPNs, as has been reported for opiates in this region (Madison and Nicoll 1988 ; sponses are present even after cutting the connection between the CA1 and CA3, further supporting the likelihood Siggins and Zieglgänsberger 1981; Zieglgänsberger et al. 1979) . Indeed, previous current-clamp studies have sug-that they are locally driven (Crepel et al. 1997; Gereau and Conn 1994) . Recently, these polysynaptic EPSCs have been gested that SST reduces compound IPSPs but not EPSPs in rabbit Schwartzkroin 1988, 1989) and characterized in depth; they were found to be driven by either NMDA or AMPA/kainate receptors and regulated by guinea pig CA1 neurons (Xie and Sastry 1992), suggesting that a disinhibitory action of SST might be in play here. inhibitory synapses located within the stratum radiatum and lacunosum-moleculare region of the CA1 (Crepel et al. However, there were several potential confounds (e.g., shunting effects, summation of opposite effects, postsynaptic 1997). In our study, in neurons where two components of the AMPA/kainate EPSC were clearly distinct, the second SST effects) in these previous studies that led us to reexamine SST modulation of synaptic transmission in the rat CA1, component was especially sensitive to SST. This could reflect an additive property of SST across multiple synapses now using isolated synaptic components and voltage-clamp recording.
or a specific role for SST at recurrent excitatory synapses between HPNs. The latter hypothesis is supported by the We have shown here that SST in low concentrations (IC 50 Å 21.9 nM) reduces both AMPA/kainate-and close anatomic proximity of the processes of SSTergic interneurons to the local axon collaterals of CA1 pyramidal neu-NMDA-EPSCs. Inhibition of both EPSC components was rapid in onset, with peak inhibition occurring within 2-4 min rons (Freund and Buzsaki 1996) . These considerations suggest that SST effects may develop largely under conditions after beginning SST superfusion. We saw little attenuation of the SST response, either over the time of the application or of increased excitability, such as epileptiform activity.
The levels of both SST peptide and receptors are altered when a second SST application was introduced, suggesting in models of epilepsy (Perez et al. 1995) ; thus it has been block by PTX than presynaptic ones (Thompson and Gäh-wiler 1992) . Such problems may be less acute with the speculated that SST may be involved in this pathology. Indeed, several studies have suggested a role for SST in de-rapidly acting NEM.
The inhibition of EPSCs by SST was insensitive to intrapressing hippocampal seizure activity. SST injected locally into the hippocampus, as well as the amygdala, reduced cellular Cs / . The use of Cs / -filled recording electrodes blocked the SST-induced postsynaptic effects on K / curtonic-clonic seizures induced by picrotoxin, a GABA A receptor antagonist, whereas they were augmented by intrahippo-rents, as reflected by the absence of both the SST-induced outward current near rest and the M-current. However, SST campal injection of anti-SST antiserum (Mazarati and Telegdy 1992 ). An sst 2 -selective agonist infused into the still robustly inhibited EPSCs in Cs / -filled cells, with no significant difference between Cs / and K / electrodes. Thus hippocampus reduced tonic-clonic seizures in kainate-treated rats (Perez et al. 1995) . Similarly, the SST analogue SMS the mechanism by which SST inhibits EPSCs does not appear to involve postsynaptic K / channels. 201-995 (octreotide), which also shows sst 2 selectivity, decreased kainate-induced seizures in rats when injected into The reduction of EPSCs by SST was blocked by 2 mM external Ba 2/ . This Ba 2/ concentration blocks several types the stratum radiatum (Vezzani et al. 1991) . Finally, SST release was enhanced in hippocampus of kindled rats, sug-of K / currents in CA1 HPNs, including those that mediate SST (Moore et al. 1988 ) and baclofen (Gähwiler and Brown gesting that endogenous SST may play a role in this model of epilepsy (Vezzani et al. 1992) . These studies point to 1985; Newberry and Nicoll 1984) postsynaptic effects. Ba 2/ also may interfere with synaptic transmission, because this alterations of SSTergic systems as a consequence of epilepsy and suggest that SST may reduce the hippocampal hyperex-ion fails to support neurotransmission in the absence of Ca 2/ in CA1 (Medina et al. 1994) . The inhibition of presynaptic citability characteristic of epilepsy. Our results suggest a homeostatic mechanism by which SST may reduce seizures: K / channels by Ba 2/ could also interfere with repolarization of the presynaptic membrane after an action potential, indepression of glutamatergic excitatory neurotransmission in CA1.
creasing the amount of Ca 2/ influx. This appears to be the mechanism by which the K / channel blocker tetraethylamThe inhibition of EPSCs by SST appears to be mediated by the G i /G o family of G-proteins, because NEM greatly monium interferes with presynaptic inhibition of EPSCs by neuropeptide Y in CA1 (Colmers et al. 1993) . Ba 2/ blocks reduced the ability of SST to inhibit EPSCs. NEM effects have been highly correlated with those of PTX, an agent GABA B receptor-mediated presynaptic inhibition of IPSPs but not EPSPs in hippocampus (Misgeld et al. 1989 ; Thompthat ADP-ribosylates G-proteins of the G i /G o family (Choi and Lovinger 1996; Morishita et al. 1997; Shapiro et al. son and Gähwiler 1992) . It is as yet unclear whether Ba 2/ acts on presynaptic K / currents or some other aspect of 1994). The majority of SST effects in the brain and periphery have been reported to be PTX sensitive (Reisine and synaptic transmission (e.g., Ca 2/ -mediated processes) to block baclofen-and SST-induced inhibition of synaptic Bell 1995; Schindler et al. 1996) . SST effects in the hippocampus, however, have yet to be characterized in terms of events.
In contrast to previous studies examining the effects of G-protein coupling. We have shown here that both SST inhibition of EPSCs and the postsynaptic SST-induced out-SST on compound PSPs in CA1 (Scharfman and Schwartzkroin 1988; Xie and Sastry 1992), we show here ward current near rest are greatly attenuated by NEM treatment. NEM did not change membrane properties of HPNs that SST has no direct effects on GABAergic transmission.
Although SST had no direct effect on GABA B -IPSCs, we or alter synaptic transmission per se, and isoproterenol, likely acting through G s -coupled presynaptic b-adrenergic recep-sometimes observed an indirect reduction by SST of polysynaptically driven GABA B -IPSCs, probably a consequence tors (Gereau and Conn 1994) , still enhanced EPSCs after NEM treatment, providing evidence that NEM did not cause of SST attenuation of the driving glutamatergic EPSC (see Fig. 7A ). Therefore attenuation of EPSCs by SST could lead nonspecific damage to the slice.
To determine the efficacy of NEM treatment in inactivat-indirectly to reduced feed-forward and feedback inhibition in CA1. ing PTX-sensitive G-proteins, we also examined the effects of the GABA B receptor agonist baclofen. The baclofen-inWe also found no depression by SST of GABA A -mediated IPSCs, in contrast to previous studies (Scharfman and duced outward current is known to be PTX sensitive (Andrade et al. 1986 ). We show here that the baclofen-induced Schwartzkroin 1989; Xie and Sastry 1992). In fact, we saw a trend toward an increase in the amplitude of the GABA Aoutward current is also blocked by NEM, as previously reported (Morishita et al. 1997) . Interestingly, NEM treatment IPSCs during SST application, but this increase never reached statistical significance, nor was it reversible. We did also greatly reduced the ability of baclofen to depress EPSCs. This effect of baclofen was previously reported to be medi-not examine SST actions on spontaneously released GABA, although it seems unlikely that SST would have an effect ated by presynaptic GABA B receptors and to be PTX insensitive (Colmers and Pittman 1989; Dutar and Nicoll 1988 ; on GABA release because it does not alter evoked events even at low stimulation intensities. The contradiction beThompson and Gähwiler 1992). That NEM but not PTX attenuated this presynaptic effect of GABA B receptors sug-tween our results and earlier studies could be due to species differences. Also, in the Scharfman and Schwartzkroin studgests that some G-proteins may have different sensitivities to these agents. The relatively slow onset of ADP-ribosyla-ies, the biologically inactive cleavage product of SST 28, SST (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , had an effect similar to SST (Scharfman and tion of G-proteins by PTX, however, and its slow accessibility to certain cellular regions, could also lead to misinterpre-Schwartzkroin 1988). SST (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) does not bind to SST receptors (Raynor and Reisine 1989; Reisine and Bell tation of negative data. Indeed, it has been reported that in hippocampus postsynaptic G-proteins are more accessible to 1995) and has been shown by other groups to have no effect Y and baclofen in hippocampus: insensitivity to pertussis toxin treatment.
in the hippocampus (Araujo et al. 1990; Greene and Brain Res. 498: 99-104, 1989. Mason 1996; Watson and Pittman 1988) . Therefore some CRAWLEY, J. N. Comparative distribution of cholecystokinin and other neuof the SST effects seen by Scharfman and Schwartzkroin ropeptides. Ann. NY Acad. Sci. 448: 1-8, 1985. ( Schwartzkroin 1988, 1989) 
